Production of the glycopeptide antibiotic A47934 by Streptomyces toyocaensis NRRL 15009 begins in the late exponential phase in liquid culture and peaks in the early stationary phase. The pattern of cellular phosphoprotein production changes upon onset of A48934 production with the appearance of several novel phosphoproteins only when an antibiotic is being produced. Phosphoamino acid analysis revealed that S. toyocaensis NRRL 15009 produces proteins phosphorylated on His, Ser, Thr and Tyr, with most being membraneassociated. Addition of the isoflavones genistein or quercetin abolishes A47934 production in liquid culture and sporulation on solid medium. Furthermore, genistein slows the onset of inducible glycopeptide antibiotic resistance in S. toyocaensis NRRL 15009. These results support the participation of protein kinase pathways in A47934 biosynthesis and resistance and cell differentiation in S. toyocaensis NRRL 15009. ß
Introduction
The regulation of antibiotic production and resistance pathways in antibiotic producing organisms is of central importance in understanding the molecular biology of antibiotic biosynthesis. Gene regulation is frequently modulated by signal transduction pathways that respond to environmental and internal stimuli. A major component of cellular signal transduction is carried out through the transfer of phosphate groups from small molecules such as ATP and GTP to proteins through the aegis of protein kinases (PKs).
Although eukaryotic signal transduction pathways which include Ser, Thr, Tyr and in some cases His kinases [1, 2] have been characterized as generally quite complex with many component proteins, signal transduction in prokaryotic cells has been looked upon as relatively uncomplicated. In these cells, the`two component' regulatory system is the paradigm, in which a PK undergoes autocatalytic transfer of phosphate to a His and then subsequently delivers the phosphate to an Asp residue of a partner response regulator protein [3] . However, there is now growing understanding that other signal transduction strategies in prokaryotic cells are not uncommon.
Streptomycetes are Gram-positive bacteria that show a multi-stage life cycle of growth development through the formation of mycelia followed by sporulation, and they are well known as prodigious producers of secondary metabolites, many of which ¢nd use as medicinal agents [4] . Phosphorylation at Ser, Thr and Tyr residues on proteins has been demonstrated in several Streptomycetes [5, 6] and eukaryotic-like Ser/Thr kinase genes have been cloned from these organisms as well [7, 8] .
Here we investigate the presence of PKs in Streptomyces toyocaensis NRRL 15009, which produces the glycopeptide antibiotic A47934, a teicoplanin-like antibiotic with antimicrobial activity against Gram-positive bacteria [9] . We report the identi¢cation of novel kinases and a role for this class of enzymes in antibiotic production and resistance, and in bacterial sporulation.
Materials and methods

Organism and culture conditions
The A47934 producer, S. toyocaensis NRRL 15009, was maintained as a spore suspension in 20% glycerol at 370³C and grown in vegetative medium as described previously [10] . These cultures served as inocula for subsequent cultures grown in spring-ba¥ed 50-or 250-ml £asks. Growth medium was either Streptomyces antibiotic medium (SAM) consisting of 1.5% soytone, 1.5% glucose, 0.5% NaCl, 0.1% CaCO 3 , 2.5% glycerol, pH 7.0, or tryptone soy broth (Oxoid). Cells were grown for an additional 24^120 h, and harvested by centrifugation.
A47934 bioassay
A47934 was extracted as described previously [10] (50 Wl (100 mg) 31 wet weight of cells). Aliquots of the extract (10^20 Wl) were applied onto 6-mm sterilized ¢lter disks and placed on a fresh lawn of Bacillus subtilis on LuriaB ertani agar. Plates were incubated overnight at 37³C and zones of inhibition measured. The assay is linear to 5 mm, which corresponds to 100 Wg ml 31 .
[Q-
32 P]ATP labelling of S. toyocaensis NRRL 15009 cell extracts S. toyocaensis NRRL 15009 cultures (50 ml) were harvested after various growth periods by low speed centrifugation (1000Ug), and washed three times in 20 ml of 50 mM Tris^HCl, 1 mM EDTA (pH 8.0). Washed cells were resuspended in 5 ml 2Ukinase bu¡er consisting of 100 mM Tris^HCl pH 8.0, 100 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol, 5% (v/v) glycerol and 1 mM freshly prepared phenylmethanesulfonyl £uoride, which was added immediately prior to lysis. Cells were lysed by three passages through a French pressure cell at 20 000 psi and crude cell-free extract was collected by centrifugation (10 000Ug for 20 min). The supernatant was recovered and further fractionated into membranes (pellets) and cytoplasmic fractions by ultracentrifugation (1 h at 100 0000Ug). The membrane-containing pellet was subsequently washed three times in 2Ukinase bu¡er and resuspended in the same bu¡er.
Protein concentrations were determined by the method of Bradford [11] and the fractions diluted with 2Ukinase bu¡er to achieve a ¢nal protein concentration of 3^5 mg ml 31 . [Q-32 P]ATP labelling was carried out in the presence of 15^40 Wg protein with 15 WCi [Q-32 P]ATP (3000 Ci mmol 31 , NEN), 10 mM MgCl 2 , 2 mM MnCl 2 , with and without 10 WM okadaic acid and 1 mM sodium orthovanadate in a total volume of 10^40 Wl and incubated at room temperature for 10 min. The reaction was stopped using 10 Wl 2Usodium dodecylsulfate (SDS)^PAGE loading bu¡er (4% (v/v) SDS, 2 mM EDTA, 500 mM dithiothreitol, 0.01% (w/v) bromophenol blue, 10% (v/v) glycerol, 100 mM Tris^HCl, pH 8.8), and the samples subsequently separated on a 9^18% polyacrylamide gradient or 15% polyacrylamide gel containing 0.1% SDS. The gel was either exposed directly to Kodak X-OMAT ¢lm for 2^3 h for the detection of phosphorylated proteins or electroblotted onto polyvinylidene di£uoride (PVDF) membranes and then exposed to an X-ray ¢lm. Parallel gels were soaked in 20%:10% acetic acid:ethanol to identify proteins phosphorylated on histidine, which undergo non-enzymatic dephosphorylation under these conditions.
Phosphoamino acid analysis 2.4.1. PhosphoSer, phosphoThr and phosphoTyr
Radiolabelled proteins were excised and placed in 500 Wl 6 M HCl, heated to 110³C for 60 min, dried under vacuum, and the residue resuspended in 10 Wl distilled water. A 5-Wl aliquot was spotted onto glass-backed cellulose thin layer plates along with 1 Wl of 1 mM phosphoamino acid standards. Two-dimensional (2D) electrophoresis was then performed as described elsewhere [12] .
PhosphoHis
Phosphoproteins that were sensitive to acid hydrolysis were further analyzed for phosphoHis incorporation. Radiolabelled proteins were excised from PVDF blots as described above and treated with 100 Wl of 3 M KOH at 60³C for 5 h. The solution was cooled and 10 Wl HClO 4 added followed by centrifugation. A sample of the supernatant (10 Wl) was spotted onto a silica gel thin layer chromatography (TLC) plate and the amino acids separated by 2D TLC as previously described [13] . An authentic sample of [ 32 P]phosphoHis was prepared by [Q-32 P]ATP labelling puri¢ed MBP-VanS, the cytoplasmic His kinase domain of the two component sensor kinase VanS [14] .
Detection of protein Tyr phosphorylation by Western immunoanalysis
Approximately 30 Wg of total cell protein obtained by lysis of cells through a French pressure cell as described above, was separated on an SDS 10^15% polyacrylamide gel. Proteins were electroblotted at 9 V overnight onto nylon membranes and probed with anti-phosphotyrosine monoclonal antibodies 4G10 (Upstate Biotechnology, Lake Placid, NY, USA) or PY20 (Transduction Laboratories, Lexington, KY, USA) as per manufacturer's recommendations. The blots were then treated with a goat anti-mouse IgG^horseradish peroxidase conjugate for 20 min at room temperature and developed for visualization using chemiluminescence blotting substrate (Boehringer Mannheim). Parallel control blots were also performed in the presence of 2 mM phosphoTyr, phosphoSer and phosphoThr (mixed with secondary antibody). Additionally, some blots were preincubated for 3 h in water :acetic acid:ethanol (7:2:1) to remove histidine phosphates before incubation with anti-phosphoTyr antibodies.
Results and discussion
S. toyocaensis NRRL 15009 displays exponential growth in liquid SAM medium during the ¢rst 36^40 h, after which it enters a stationary phase and begins production of the glycopeptide antibiotic A47934 (Fig. 1) . Examination of [Q-
32 P]ATP-dependent protein phosphorylation in whole cell extracts of cultures harvested both prior to (24 h) and during (48 h) A47934 production, consistently revealed several discrete phosphoproteins (e.g. Fig. 2 , Table 1 ). Three new phosphoproteins (p30, p32, and p40) were detected in membrane fractions only in antibiotic producing cultures that were revealed by [Q- 32 P]ATP labelling ( Fig. 2A) . Protein Tyr phosphorylation was assessed by Western immunoanalysis using two di¡erent anti-phosphoTyr monoclonal antibodies, PY20 (Fig. 2B) and 4G10 (not shown). S. toyocaensis NRRL Fig. 1 . Growth of S. toyocaensis NRRL 15009 and production of A47934. Cells were grown at 30³C with 250 rpm agitation in SAM broth. Legend: mycelial mass (a); pH (F); A47934 production as assessed by B. subtilis growth inhibition (S). 15009 cultures grown to both 24 and 48 h showed the presence of at least two distinct immuno-reactive proteins at 52 and 120 kDa. The ¢rst band correlates with p52, which was identi¢ed in the [Q-32 P]ATP in vitro labelling experiments to be both Ser-and Tyr-phosphorylated. However, p120 was not detected in the radiolabelling studies ( Fig. 2A) likely as a result of low abundance.
Di¡erential labelling of phosphoproteins under conditions where cells were producing the antibiotic A47934 suggested the possibility that eukaryotic-like protein phosphorylation may be linked to antibiotic production. The e¡ects of several known PK inhibitors on A47934 production and cell growth supported this hypothesis (Fig. 3) . The isoquinoline sulfonamide PK inhibitor H-9 slowed growth and commensurately decreased the onset of A47934 production (Fig. 3A) . On the other hand, the £a-vonoids genistein and quercetin had little or modest e¡ects on growth, but completely abolished A47934 production in liquid culture (Fig. 3B,C) . On solid medium, the £avo-noids quercetin and genistein also inhibited spore formation resulting in a`bald' phenotype, suggesting a role for PKs in cell di¡erentiation (Fig. 4) .
S. toyocaensis NRRL 15009 is resistant to A47934 as expected but is unexpectedly sensitive to the glycopeptide antibiotic vancomycin. Resistance to vancomycin could be achieved by the simultaneous addition of A47934 to the culture medium (Fig. 5A) indicating that A47934 can induce a general glycopeptide resistance mechanism, likely incorporation of D-Ala-D-lactate into the peptidoglycan [15] . Addition of the PK inhibitor quercetin to cultures containing both A47934 and vancomycin had no e¡ect on cell growth (Fig. 5B) . On the other hand, the presence of the PK inhibitor genistein retarded growth in the presence of vancomycin (Fig. 5C ), suggesting that inhibition of PK(s) interfered with induction of vancomycin resistance.
We have demonstrated here that S. toyocaensis NRRL 15009 has proteins phosphorylated on His, Ser, Thr and Tyr, thus we predict that speci¢c PKs are present within this organism. Our ¢ndings of eukaryotic-like Ser, Thr and Tyr protein phosphorylation in S. toyocaensis NRRL 15009 are consistent with a growing body of evidence that demonstrates that non-His PKs are present in many bacteria. The diversity of PKs in S. toyocaensis (see Table  1 ) parallels the contents of the recently available genome sequence from Streptomyces coelicolor A2(3) that reveals more than 30 putative Ser/Thr kinases, most of which have predicted membrane spanning regions (http:// www.sanger.ac.uk/Projects/S_coelicolor/).
Study of one of these kinases, AfsK, has led to the conclusion that this protein is involved in the regulation of the biosynthesis of polyketide antibiotic actinorhodin in S. coelicolor [7] . On the other hand, the Streptomyces griseus AfsK homolog is important in sporulation [16] . Other studies on S. griseus growth in the presence of various small molecules known to inhibit eukaryotic PKs have revealed an inhibition of aerial mycelium formation and pigmentation, consistent with a role for PKs in secondary metabolite regulation [17] . Thus there is precedent for a role of Ser/Thr kinases in antibiotic production and cellular di¡erentiation in Streptomyces. The results presented here are consistent with a role for PKs in the regulation of sporulation and of glycopeptide antibiotic production and resistance in S. toyocaensis NRRL 15009. While this correlation remains circumstantial at this point, it provides the requisite foundation for further analysis of the role of this class of enzymes in these important cellular processes. 
